A highly controversial issue in global biogeochemistry is the regulation of terrestrial carbon (C) sequestration by soil nitrogen (N) availability. This controversy translates into great uncertainty in predicting future global terrestrial C sequestration. We propose a new framework that centers on the concept of progressive N limitation (PNL) for studying the interactions between C and N in terrestrial ecosystems. In PNL, available soil N becomes increasingly limiting as C and N are sequestered in long-lived plant biomass and soil organic matter. Our analysis focuses on the role of PNL in regulating ecosystem responses to rising atmospheric carbon dioxide concentration, but the concept applies to any perturbation that initially causes C and N to accumulate in organic forms. This article examines conditions under which PNL may or may not constrain net primary production and C sequestration in terrestrial ecosystems. While the PNL-centered framework has the potential to explain diverse experimental results and to help researchers integrate models and data, direct tests of the PNL hypothesis remain a great challenge to the research community.
A t the onset of the industrial revolution in the 18th century, global pCO 2 , or partial pressure of atmospheric carbon dioxide (CO 2 ), began rising from approximately 27 pascals (Pa) to its current value of 37 Pa. The current pCO 2 is higher than at any time during the last 400,000 years. With the accelerating rate of increase of atmospheric CO 2 , we expect the global pCO 2 to reach 70 Pa by the end of the 21st century. According to predictions presented in the Third Assessment Report of the Intergovernmental Panel on Climate Change (IPCC 2001) , this CO 2 increase alone could enhance the net primary production (NPP) of Earth's ecosystems enough to increase carbon (C) sequestration by 350 to 890 petagrams (Pg) C in the 21st century (1 Pg = 10 15 grams [g] ). To what extent soil nitrogen (N) availability will constrain the predicted C sequestration, however, is still an open question. This question has ramifications for the future of terrestrial ecosystem productivity, atmospheric CO 2 concentration, and resulting feedbacks on climate .
Experimental studies have examined N constraints on ecosystem C uptake in response to global change, primarily focusing on soil N availability and its regulation of photosynthesis and plant growth. Soil N availability has been found to decrease as a result of reduced decomposability of litter and to increase as a result of increased soil C substrate (Zak et al. 1993 ) and soil moisture (Hungate 1999) under elevated CO 2 . Measures that are often used to assess whether plants or whole ecosystems are limited by soil N availability include CO 2 -induced changes in leaf N concentration (Peterson et al. 1999) , down-regulation of photosynthetic capacity (Luo et al. 1994) , reduction in plant growth rates (Oren et al. 2001) , and decreases in the rate of N mineralization (the conversion of organic N to the plant-available mineral form) (Gill et al. 2002) . Most of the studies on C-N interactions in the past two decades were conducted primarily from a plantcentric perspective. This perspective focuses on plant growth as regulated by N (through short-term N turnover, soil mineral N availability, plant physiological adjustments, and reallocation of N from soil to plants). However, the plantcentric perspective is not fully compatible with ecosystem biogeochemical models, which consider the dynamics of both plant and soil pools and the C and N fluxes among them. This perspective also does not readily explain the contradictory results (e.g., responsiveness versus nonresponsiveness, increased versus decreased soil N availability, and N limitation versus nonlimitation in ecosystems) obtained from various CO 2 experiments.
To understand the C-N interactions with respect to ecosystem C sequestration under elevated CO 2 , it is necessary to examine C and N dynamics in both soil and plant pools (Field 1999) . Elevated CO 2 stimulates C input into ecosystems and potentially results in sequestration of C and N in soil organic matter (SOM) and long-lived plant biomass. Similarly, during forest development, C and N are tied up in plant biomass and SOM (Lichter 1998 , Richter et al. 2000 . This C and N sequestration induces changes in many other processes, including N competition between microbes and plants, litter decomposition, and mineralization. Understanding these aspects of ecosystem C and N dynamics requires data from long-term experiments, which are now beginning to become available. Many field CO 2 experiments (e.g., in Chesapeake Bay salt marsh, Florida oak woodland, North Carolina pine forest, Tennessee sweet gum forest, Wisconsin birch-aspen forest, California grassland, and the Mojave Desert) have been under way for a decade or so. Now that more data sets are available to shed light on C-N interactions under elevated CO 2 , an ecosystem perspective is urgently needed to guide future experimental studies and advance predictive understanding of how N regulates C sequestration.
In this article, we develop a conceptual framework for an ecosystem perspective that can be used to study C-N interactions and evaluate this framework using data sets from various field experiments on the effects of elevated CO 2 . Specifically, we consider that an increase in C influx into an ecosystem under elevated CO 2 stimulates two processes that are critical in regulating long-term ecosystem N dynamics. These processes are (1) increased demand for N to support stimulated plant growth and (2) enhanced sequestration of N into long-lived plant biomass and SOM pools. The latter can decrease soil N availability for plant growth and serves as the core mechanism driving progressive N limitation (PNL), the central concept developed in this article. The increase in N demand can also induce changes in short-, medium-, and long-term supply mechanisms that determine whether or not PNL may occur. After examining those mechanisms, we review experimental evidence to illustrate the diversity of C and N interactions under elevated CO 2 among different ecosystems. To facilitate future research on PNL, we recommend a suite of measurements that could help probe mechanisms and detect patterns of PNL, and we present future research needs for experimental and modeling studies. This article is restricted to N limitation, partly because most experiments have data on this nutrient, but the PNL concept (with substitutes for N) may also apply in ecosystems where nutrients other than N are more limiting.
Progressive nitrogen limitation: Definition
When an ecosystem is exposed to elevated atmospheric CO 2 , photosynthesis is stimulated because of the enhanced efficiency of C-fixing enzymes. The additional C that flows into the ecosystem at elevated levels of CO 2 is used for production of plant biomass, stored in SOM, and returned to the atmosphere through autotrophic and heterotrophic respiration. The additional growth of long-lived plant biomass (e.g., wood in forests) and the increased C storage in soil cause N to be sequestered in organic matter (van Groenigen and van Kessel 2002) , progressively decreasing the mineral N available for plant uptake in the long term (figure 1). Thus, PNL describes the idea that, without new N input or decreases in N losses, the availability of mineral N declines over time at elevated CO 2 levels in comparison with its availability at ambient CO 2 levels. The long-term dynamics of PNL could be obscured by short-term processes, such as changes in N-use efficiency (C fixed per unit N) or transfers of N from pools with a low C:N ratio (e.g., SOM) to pools with a high C:N ratio (e.g., woody biomass). PNL could also be avoided if increased N fixation and decreased N losses under elevated CO 2 result in long-term ecosystem N gains. If PNL does occur, the CO 2 -induced increment in ecosystem C storage declines over time.
The PNL concept is built on the biological principle that the formation of organic matter requires a certain amount of N and other nutrients in a relatively fixed ratio with C, in accordance with biochemical stoichiometry (Sterner and Elser 2002) . Different forms of organic matter, however, vary in N concentration. For example, proteins average 17% N in dry weight, whereas plant cell wall materials have 0.2% N (Sterner and Elser 2002) . When different organic chemical compounds are combined to form plant tissues and SOM, N requirements differ. Woody tissues in trees consist primarily of cellulose and lignin. Their C:N ratios are very high, ranging from 200 to more than 1000 (Levi and Cowling 1969) . SOM, which is partly composed of dead soil microbes and partly formed by condensation reactions that chemically bind inorganic N into complex, long-lived organic molecules, has very low C:N ratios (Baisden et al. 2002) . Because these pools differ greatly in C:N ratios, redistribution of N among them could lead to increased C sequestration per unit of N already present in an ecosystem under elevated CO 2 .
The concept of PNL has a time component that stems primarily from gradual changes in pool sizes of C and N in ecosystems. Photosynthesis is a rate variable and can instan-taneously respond to a change in the atmospheric CO 2 concentration. However, the changes in C and N pools are cumulative. The rate of C accumulation in an ecosystem is the net ecosystem productivity, equal to the difference between inflow of C from photosynthesis and outflow from respiration. Even if the photosynthetic stimulation under elevated CO 2 is constant, the ecosystem C accumulation rate declines over time because of gradually increasing respiration (Luo and Reynolds 1999) . Respiration is usually proportional to C pool sizes. In pools with a fast turnover rate (e.g., microbial mass and fine roots), it takes a short time to accumulate C before the pool size reaches a new equilibrium. These pools are usually small. In pools with a long residence time (e.g., woody biomass and old humus in soil), the cumulative change in C and N can take from decades to thousands of years before the pool size reaches a new equilibrium. Pools with long residence times generally are large but change very slowly, making it difficult to detect statistically significant changes in soil C pools by conducting short-term CO 2 experiments (Hungate et al. 1996, Schlesinger and Lichter 2001) . Like C, N accumulates slowly in large pools with long residence times and rapidly in small pools with short residence times. Thus, the development and onset of PNL depend on pool sizes and their residence times (McMurtrie and Comins 1996) .
The PNL concept is distinct from the interactive effects of elevated CO 2 and N supply. Whereas soil fertility can set the initial responsiveness of ecosystems to elevated CO 2 (Oren et al. 2001) , PNL expresses the concept of diminishing N availability under elevated CO 2 without additional N influx or reduced N losses. As shown in modeling studies (VEMAP 1995 , Rastetter et al. 1997 , N availability decreases with elevated CO 2 as a consequence of increased C storage, regardless of initial N availability. It is the progressive decrease in N availability, instead of the initial N level, that constrains the long-term responses of NPP and C storage (Field 1999) .
Overall, PNL develops only if elevated CO 2 causes long-lived plant biomass and SOM to accumulate, sequestering substantial amounts of both C and N into long-term pools. The larger the initial enhancement of C and N accumulation is, the more likely the subsequent PNL is to occur. By contrast, negligible growth responses to elevated CO 2 , and low levels of C and N accumulation in organic forms, will not elicit PNL (figure 2). If N sequestration in long-lived plant biomass and SOM is compensated by additional N supply, it is possible that N will not limit C accumulation at all. Thus, it is critical to examine various N supply mechanisms.
Mechanisms of nitrogen supply
When plants and ecosystems are subject to N stress under elevated CO 2 , a suite of short-and long-term mechanisms can act to prevent or alleviate PNL. The short-term mechanisms include reallocation of N among pools, increases in C:N ratios in plant tissues and SOM, and increased soil exploration by fine roots and mycorrhizae. The long-term mechanisms, which affect overall N supply, include increases in biological N fixation, decreases in N leaching and gaseous N loss from the soil, and enhanced retention of deposited N from the atmosphere.
Transfer of N from pools with a low C:N ratio (e.g., SOM) to pools with a high C:N ratio (e.g., woody biomass) enables ecosystems to sequester C over the short term under elevated CO 2 without additional N increases. Such a response has been observed in a ponderosa pine experiment in California ), a scrub oak woodland in Florida (Johnson et al. 2003) , a pine forest in North Carolina (Finzi and Schlesinger 2003) , a tallgrass prairie in Kansas (Jastrow et al. 2000) , and a grassland ecosystem in Texas (Gill et al. 2002) . The N transfer usually occurs through increased N uptake by plants at elevated levels of CO 2 . As a consequence, N-use efficiency generally increases, in a result similar to that observed in N-stressed environments. N can also be transferred from senescent leaves to young leaves (Billings et al. 2003) . This N transfer has not been significantly affected by elevated CO 2 in many ecosystems and appears to play a minor role in regulating C processes in response to rising CO 2 (Norby et al. 2001) .
Increases in plant C:N ratios have been often observed in CO 2 experiments (Pregitzer et al. 1995 , and increases in soil C:N ratios have occasionally been found as well (Gill et al. 2002) . For example, the C:N ratio of SOM increased from approximately 18 to 22 as CO 2 increased from 21 to 55 Pa in the CO 2 -gradient tunnel study in Texas (Gill et al. 2002 ). The C:N ratio of leaves usually increases more than that of litter in response to elevated CO 2 (Norby et al. 2001 , Billings et al. 2003 . Even without additional N increases, the increases in plant or soil C:N ratios at elevated levels of CO 2 result in higher N-use efficiency than at ambient CO 2 levels, increasing the capability of plants or soil to sequester C over the short term.
Plants could also alleviate N demands at elevated levels of CO 2 by increasing their exploration of the soil for available N. There are two ways by which plants can explore for soil N: (1) increases in fine-root production and (2) increases in mycorrhizal infection (Zak et al. 2000 , Hu et al. 2001 ). While there is little evidence that elevated CO 2 directly stimulates arbuscular mycorrhizal fungi (Staddon et al. 2002) , it does appear to increase the percentage of ectomycorrhizal infection (Rygiegwicz et al. 1997) . Fine-root biomass often increases at elevated CO 2 (Norby et al. 2002) . For example, Matamala and Schlesinger (2000) observed a 78% greater fine-root biomass in Duke Forest, North Carolina, at elevated CO 2 levels than at ambient levels. Fine-root biomass in an aspen and paper birch plantation near Rhinelander, Wisconsin, increased by 96% at elevated levels of CO 2 (King et al. 2001) .
The increases in N transfer, C:N ratios, and soil exploration by root systems can support a positive NPP response to elevated CO 2 in the short term, even if the total amount of ecosystem N remains unchanged. However, these changes potentially trigger two negative feedback mechanisms over time. Increased production of plant tissues with a high C:N ratio, or increased C:N ratio in existing plant materials, yields more litter of low quality (i.e., low N content) at elevated CO 2 levels than at ambient levels. Low-quality litter generally releases N slowly during decomposition, potentially leading to a negative N feedback on plant growth. Similarly, increased C:N ratios of SOM result in less N mineralization (Gill et al. 2002) , decreasing the supply of soil N for plant uptake and leading to PNL. Modeling studies suggest that (a) adjustments in plant C:N ratio and increased soil exploration regulate C sequestration on a time scale of a few years, (b) transfers of N from SOM to plants influence C storage in biomass on a time scale of decades, and (c) long-term alleviation of PNL depends on net accumulation of N through reduced N losses or increased N gains (Rastetter et al. 1997) .
Natural ecosystems gain N primarily through atmospheric deposition and biological fixation. Atmospheric N deposition adds as much as 2 g N per square meter per year to ecosystems in industrial and urbanized areas (Holland et al. 1999) , but it has considerable spatial variation between regions. The extent to which N deposition is actually available for plant uptake and C sequestration is unclear. No field experiments have been performed to quantify the effects of CO 2 on efficiency of use of deposited N. Assuming that 5% to 10% of deposited N can support C storage, Hungate and colleagues (2003) concluded that atmospheric N deposition is not adequate to meet the demand for C sequestration in response to gradually rising atmospheric CO 2 concentration. Biological N fixation occurs in symbiotic and free-living bacteria in natural ecosystems. Elevated CO 2 can increase both symbiotic and free-living N fixation, particularly in laboratory and agricultural studies (Tissue et al. 1997 , Cheng et al. 2001 ), but results from experiments in native ecosystems are less clear (Billings et al. 2002) . Since enhanced N fixation does not appear to be a universal response to elevated CO 2 , we cannot predict how much it will help sustain long-term stimulation of NPP and C sequestration caused by elevated CO 2 . Nitrogen losses affect the accumulation of N in terrestrial ecosystems and hence the ability of terrestrial ecosystems to sequester C under elevated CO 2 . Nitrogen is lost from an ecosystem in both gaseous and aqueous forms. Ammonia volatilization, nitrification, and denitrification account for most of the gaseous loss from ecosystems. Nitrate and dissolved organic N are the major aqueous forms of N lost from ecosystems (Perakis and Hedin 2002) . Elevated CO 2 usually increases plant N uptake and decreases the standing pools of inorganic N. Since nitrification and denitrification are substrate dependent, ammonia volatilization and nitrate leaching decrease at elevated levels of CO 2 (Johnson et al. 2001 , Reich et al. 2001 , Mosier et al. 2002 . However, elevated CO 2 may decrease water loss and increase soil water content , Schäfer et al. 2002 , favoring denitrification and N leaching (Arnone and Bohlen 1998) . Overall, if N losses are reduced and N input is increased under elevated CO 2 , PNL may be avoided.
Experimental evidence
A comprehensive test of the PNL hypothesis requires longterm field experiments with repeated measurements of C and N supply and demand under ambient and elevated CO 2 over time. Few studies have all the data necessary to test the components of the PNL hypothesis. In this section, we present a synthesis of published data to illustrate diverse patterns of C and N interactions among ecosystems.
When the Alaska tussock tundra was exposed to elevated CO 2 for 3 weeks, the photosynthetic capacity of sheathed cottonsedge (Eriophorum vaginatum) was completely downregulated (Tissue and Oechel 1987) . Plants grown under elevated CO 2 had photosynthetic rates similar to those grown under ambient CO 2 . In the free-air CO 2 enrichment (FACE) experiment in the Mojave Desert, Nevada, photosynthesis responded to elevated CO 2 predominantly in wet periods, which are usually of short duration in this environment (Smith et al. 2000) . In those CO 2 experiments in which photosynthesis was substantially down-regulated or photosynthetic stimulation was small, so that little C and N were sequestered in long-term plant and soil pools, PNL was unlikely to develop (figure 2). In these conditions, it is usually difficult to detect any significant differences in N processes between ambient and elevated CO 2 treatments (Billings et al. 2002) .
During an open-top chamber (OTC) experiment from 1989 to 1997 in a Kansas tallgrass prairie, final soil analyses indicated that a considerable amount of additional C and N accumulated in the ecosystem during 8 years of elevated CO 2 . The initial CO 2 stimulation of plant growth was maintained in roots and increased over time for aboveground biomass (Owensby et al. 1999 ). The C:N ratio did not change much for either plant tissues or different classes of SOM; both C and N levels in soil were significantly higher at elevated CO 2 levels than at ambient levels (Jastrow et al. 2000 , Williams et al. 2000 . In addition, average inorganic N in soil, N mineralization, and turnover of microbial N were higher at elevated than at ambient levels of CO 2 (Williams et al. 2000 (Williams et al. , 2001 ). An isotope-labeling study showed that elevated CO 2 was associated with significantly greater increases in relative 15 N recovery in SOM than in roots and rhizomes (Williams et al. 2001) , suggesting that elevated CO 2 stimulated N sequestration in SOM.
Progressive N limitation was observed in the 4th year of CO 2 enrichment at the prototype plot of the Duke Forest FACE experiments in a loblolly pine forest; PNL was reversed after half the plot received N amendment (Oren et al. 2001 ). These results have not been observed during the first 4 years of the replicated experiment in the same stand. However, it appears that mechanisms underlying PNL are in operation at the Duke Forest site. The productivity of this ecosystem might decline as rapidly cycling N pools in soil are reduced at elevated levels of CO 2 . During the first 4 years of fumigation, canopy photosynthesis increased by 40% (Luo et al. 2001) , NPP by 20% to 32%, woody biomass by 4% , and the C content of the organic horizon and top 30 centimeters of mineral soil by 24% (Schlesinger and Lichter 2001) . The substantial increases in C sequestration in long-lived plant biomass and SOM pools have increased N uptake and sequestration in these same pools Lichter 2001, Finzi et al. 2002) . Woody biomass and organic-horizon pools combined contained 6.3 g more N per square meter under elevated than under ambient CO 2 after 4 years of the treatment. This amount is greater than the 2.8 g N per square meter estimated to have been added to the site in atmospheric deposition and N fixation during the same period of time, indicating a redistribution of N from mineral soil horizons. Similar responses have been observed in other loblolly pine forests during stand development (Richter et al. 2000) . Nitrogen immobilization in biomass and organic-horizon pools is assumed to drive these forests to a state of acute N limitation. In addition, there are no differences in the rate of N inputs or outputs under ambient and elevated CO 2 at the Duke Forest FACE site. Therefore, long-term mechanisms of N supply may not be in place to prevent PNL from happening at Duke Forest. grassland, the C:N ratios of plant tissues (leaves, roots, crowns) and SOM all increased linearly with CO 2 concentration (Gill et al. 2002) . Without changes in the total amount of N in the ecosystem, the increased C:N ratio at high CO 2 levels enhanced C storage. However, the greatest increment in C accumulation occurred between preindustrial and present-day CO 2 concentrations, with substantially less enhancement between present-day and future levels. PNL was implicated as the mechanism responsible for this declining response. As the soil C:N ratio increased, N mineralization declined, releasing less inorganic N to the available N pool and thereby reducing C accumulation in response to elevated CO 2 .
PNL was also apparent in experiments examining the CO 2 responses of a calcareous grassland in Switzerland and of a scrub oak woodland in Florida. Elevated CO 2 stimulated plant biomass growth (Leadley et al. 1999 ) and increased plant and soil C:N ratios (Niklaus et al. 1998) in the calcareous grassland. Nitrogen stocks in living plants and surface litter increased at elevated levels of CO 2 compared with those at ambient levels, but the soil N content did not change (Niklaus et al. 2003) . In the scrub oak woodland, elevated CO 2 stimulated photosynthesis (Li et al. 1999) , plant biomass growth , and litter mass (Johnson et al. 2003) . However, total ecosystem N content slightly decreased, while more N accumulated in the litter layer, at elevated levels of CO 2 (Johnson et al. 2003 ). In addition, CO 2 -stimulated plant N uptake declined over time, and soil N fixation initially increased and then decreased after a few years of the CO 2 experiment in the Florida scrub oak ecosystem (Hungate et al. 2004) , indicating the possibility of PNL.
Overall, three experiments in the Texas grassland, Swiss calcareous grassland, and Florida woodland showed what is expected from a response influenced by PNL. The nonresponsive results from the CO 2 experiments in Alaska tussock tundra and Nevada desert do not contradict the PNL hypothesis. To refute this hypothesis, we would need results that show continual increase in C sequestration and NPP over the long term. The Duke Forest-replicated FACE experiment and the Kansas OTC experiment did show continual increases in C sequestration over durations of 4 to 8 years, suggesting that short-term N supply mechanisms can prevent N limitation from happening for a substantial period of time. No long-term data are available to suggest whether or not mechanisms of N supply would adapt under elevated CO 2 to sustain C sequestration in the Duke FACE project or even to reverse the trends of PNL occurring at the Texas grassland and Florida woodland.
Parameters for progressive nitrogen limitation
Because up-to-date experimental results are diverse and not conclusive, examining the PNL hypothesis remains a great challenge for the scientific community. To detect PNL, it is critical to select and measure appropriate parameters. Taking a system view that considers changes in whole-ecosystem N availability, the following three parameters are fundamental indicators of whether or not PNL may occur.
Whole-ecosystem nitrogen stocks. The ecosystem N stock is a critical parameter to indicate whether PNL will occur. Elevated CO 2 stimulates C influx and accumulation in the plant and soil pools. If the whole-ecosystem N stocks increase in proportion to the C increase, this will delay the onset of PNL or make PNL unlikely to occur. In this case, the additional C accumulation is balanced by the N increase. If the N stocks for the whole ecosystem do not change, or if they decrease, while C influx and accumulation increase in the initial phase of elevated-CO 2 experiments, PNL is unavoidable.
Total ecosystem N stocks are the sum of plant and soil N and thus are relatively easy to measure. However, total ecosystem N pools are large, and annual changes in N content resulting from elevated CO 2 are relatively small. It is very difficult to detect statistical significance in small increments in N content, especially in short-term CO 2 experiments. Thus, it is essential to have a time series of measurements of the ecosystem N content (ideally, once a year for several years) to detect small, incremental changes.
Nitrogen inputs into ecosystems. Nitrogen input through fixation is thought to be one of the primary processes that limit productivity in many natural ecosystems. Since N fixation requires an abundant supply of carbohydrates to meet its high energy demand, elevated CO 2 that stimulates C influx into the rhizosphere and soil could potentially stimulate N fixation. If elevated CO 2 indeed stimulates N fixation enough to balance additional C accumulation, PNL may be avoided. Alternatively, a decrease in N fixation at elevated CO 2 would accelerate PNL. Nitrogen fixation varies greatly over time and among ecosystems, largely because of constraints by multiple biotic and abiotic factors (Vitousek et al. 2002) . Thus, quantification of N fixation requires high temporal and spatial resolution. To balance the N budget, it is also critical to monitor atmospheric N deposition. Carbon dioxide treatments could affect retention of deposited N, leading to levels of N accumulation in the elevated-CO 2 plots different from those in the control plots.
Nitrogen losses. If increases in biomass and soil C accumulation at elevated levels of CO 2 are accompanied by reduction of N losses through either gaseous or aqueous pathways (or both), N stocks in the ecosystem are likely to increase. In that situation, PNL may be avoided or at least partially alleviated. If elevated CO 2 stimulates N loss Bohlen 1998, Ineson et al. 1998) , then PNL is likely to occur. N is lost from an ecosystem through many processes and in many chemical forms. Measuring all the forms and pathways of N loss is not a trivial task, but thorough quantification of those N-loss pathways is a key to understanding PNL.
These three indicators-whole-ecosystem nitrogen stocks, nitrogen inputs into ecosystems, and nitrogen losses-are major parameters for the definition and detection of PNL. However, whole-ecosystem N stocks are not sensitive indicators, because small, incremental changes in N stocks occur against huge and variable backgrounds. Biological N fixation (particularly through free-living bacteria) and gaseous and aqueous losses are difficult to quantify, because of high variability in both time and space. The following parameters are much more sensitive and can be used as partial indicators of PNL.
Whole-plant nitrogen amount. If the amount of whole-plant N increases in proportion to the increases in plant biomass at elevated levels of CO 2 , then N sequestration in plant biomass-one of the major mechanisms underlying PNLis occurring. Meanwhile, an increase of plant N indicates that the soil N supply has also increased, either through short-term adjustments in N supply or through long-term ecosystem N availability. Nevertheless, an initial increase in plant N at elevated CO 2 , followed by a decline in N over time, could indicate PNL. In comparison with soil N pools, the plant N pool is very small. Thus, the change in plant N amount is much easier to detect and therefore a much more sensitive indicator for PNL.
Canopy nitrogen amount. Canopy N amount, or the sum of N in leaves within a canopy, directly regulates ecosystem photosynthetic C fixation. It is relatively easy to measure, and data are widely available. However, this index alone may not indicate whether PNL is occurring, because reallocation can increase the mass of N in the canopy when whole-plant and whole-ecosystem N amounts do not change. Despite this caveat, canopy N is generally a sensitive parameter and can be used to indicate whether soil N availability is limiting C production.
Annual nitrogen uptake. Like the whole-plant N amount, annual uptake of N is likely to indicate PNL if it shows an initial increase in response to elevated CO 2 , followed by a decrease over time. If the annual N uptake does not change with elevated CO 2 , N-use efficiency may increase and temporarily prevent PNL from happening.
Nitrogen mineralization. Microbial decomposition of litter and SOM releases mineral N. The microbial N release can be measured in the laboratory or field in terms of gross or net N transformations. If microbial N release increases, PNL is not occurring because of increased N supply to meet demand at elevated CO 2 . Declining N mineralization is likely to indicate incipient PNL.
In addition to the above parameters, ecologists have used several other indicators of C-N interactions, including leaf N concentration and photosynthetic capacity. Leaf N concentration is strongly correlated with leaf photosynthetic capacity. Both leaf N concentration and photosynthetic capacity are sensitive indicators but by themselves do not indicate whether or not PNL will occur. Particularly when evaluating long-term ecosystem responses to rising atmospheric CO 2 , it is essential to use ecosystem-level parameters as indicators of PNL.
Future research needs
Long-term field CO 2 experiments are extremely valuable for studying ecosystem C-N interactions. The C-N interactions in response to rising atmospheric CO 2 involve numerous processes. These processes operate at different time scales because of heterogeneity in the residence times of C and N pools in terrestrial ecosystems. Studying C-N interactions under elevated CO 2 is further complicated by CO 2 -induced changes in soil water availability , Mosier et al. 2002 and species composition. To examine the PNL hypothesis, it is imperative to make comprehensive measurements of various N processes over time in long-term CO 2 experiments.
The complexity of C and N interactions at different time scales also necessitates joint efforts between modelers and experimentalists. Models will be particularly useful in examining processes that are not easily measurable or that operate at time scales beyond the duration of CO 2 experiments. Combined experimental and modeling studies are powerful tools for understanding complex C-N interactions, evaluating whether or not PNL would eventually occur in a given situation, and, if it would, identifying the time scale at which it would occur.
The question of how to extrapolate results from CO 2 experiments to ecosystems in the real world remains challenging. Field experiments with elevated CO 2 usually result in step increases in C influx. A modeling study by Luo and Reynolds (1999) suggests that these step-change experiments create CO 2 -induced extra N demand that is five-to tenfold higher than that in the real-world ecosystems where atmospheric CO 2 concentration is gradually increasing. In a step-change experiment with increasing CO 2 , high N demand is likely to induce greater N stress and thereby stimulate stronger adjustments in short-term N redistribution and supply processes than in a gradual CO 2 increase in the real world. Unless the long-term N-supply processes were considerably stimulated, PNL would be unavoidable either in real-world ecosystems with a gradual CO 2 increase or in field experiments with step changes in CO 2 . Ultimately, a mechanistic understanding of N-supply processes and their responses to various degrees of N demand in natural ecosystems is essential to improving the ability of scientists and managers to predict ecosystem responses to rising atmospheric CO 2 .
Scientists also need to search for general principles and patterns underlying the diverse responses observed in CO 2 experiments. Without generalizable principles, it is difficult to incorporate experimental results into model predictions. At present, two contrasting types of models have been developed in the literature. One type of model links nutrient cycling to plant production and C sequestration (VEMAP 1995 , Rastetter et al. 1997 ) and generally predicts long-term photosynthetic down-regulation and reduced stimulation in plant production with elevated CO 2 . The other type of model does not incorporate N regulation of C processes at all and usually predicts large amounts of C sequestration. Without considering N constraints, for example, several dynamic global vegetation models (DGVMs) have predicted that 350 to 890 Pg C will be sequestered by the terrestrial biosphere during this century in response to rising atmospheric CO 2 (IPCC 2001) . The N required to balance this predicted C storage exceeds the potential supply from a combination of mechanisms, leaving a substantial discrepancy between N demand and potential supply . This discrepancy highlights three issues that need to be resolved. First, N feedbacks need to be incorporated into DGVMs if these models are to be used to predict future C stocks. Second, scientific bodies such as the Intergovernmental Panel on Climate Change must carefully select properly constrained models for projecting the policy ramifications of PNL and its consequences for global C management. Finally, researchers must find ways to rigorously test the PNL hypothesis in order to accurately inform models that predict future global C stocks. Until we understand this issue fully, our ability to contribute to one of the most important discussions of our era will be very limited.
